ABSTRACT Galactose is important for the survival and virulence of bacteria. In Escherichia coli, galactose is utilized by the Leloir pathway, which is controlled by a complex network. To shed light on the potential functions the galactose network could perform, we performed bioinformatical analysis of reference genome sequences belonging to the Enterobacteriaceae family. We found that several genomes have reduced numbers of components compared to the E. coli galactose system, suggesting that the network can be optimized for different environments. Typically, genes are removed by deletions; however, in Yersinia pestis, the galactose mutarotase (galM) gene is inactivated by a single-base-pair deletion. Lack of GalM activity indicates that the two anomers of D-galactose are used for different purposes, ␣-D-galactose as a carbon source and ␤-D-galactose for induction of UDPgalactose synthesis for biosynthetic glycosylation. We demonstrate that activity of the galM gene can be restored by different single-base-pair insertions. During the evolution of Y. pestis to become a vector-transmitted systemic pathogen, many genes were converted to pseudogenes. It is not clear whether pseudogenes are present to maintain meiotrophism or are in the process of elimination. Our results suggest that the galM pseudogene has not been deleted because its reactivation may be beneficial in certain environments.
volution of bacteria to populate a new environment necessarily involves reengineering of their molecular network. Changes can affect the elements (e.g., genes) of the network as well as the interactions in the network. Redundant genes or those that antagonize successful colonization in the new environment can be inactivated by point mutations or removed by deletions (1) . Also, genes required for adaptation to a new niche can be acquired by horizontal transfer (e.g., pathogenicity islands) (2) . A major determinant of network function is network logic, which depends on the interactions between network elements (3) . Recent studies demonstrated that network logic can be easily engineered by mutations in regulatory sequences (4, 5) . Rearrangements in metabolic pathways were analyzed in Yersinia pestis, which diverged recently from Yersinia pseudotuberculosis, a gastrointestinal pathogen (6) . Analysis of the Yersinia pestis metabolic network suggested excellent agreement between the possible metabolic reaction pathways and the known nutritional needs of Y. pestis cells (1) . It is generally assumed that cellular responses to the natural levels of perturbations in the concentration of critical chemical compounds are optimized. Along this logic, capabilities of regulatory networks would reflect the potential nature of environments and the environmental changes cells may face (7) .
Members of the Enterobacteriaceae family of bacteria have diverse lifestyles and can function in a wide range of environments. In this study we performed bioinformatical analysis of 34 reference genome sequences belonging to the Enterobacteriaceae family to gain insight into the natural diversity of the D-galactose utilization network. The rationale of using the D-galactose network is that D-galactose metabolism can be an important factor in virulence in different bacteria (8) (9) (10) . For example, in Erwinia amylovora, the causal agent of fire blight of rosaceous plants, galactose metabolism affects capsule synthesis and virulence (9) . In Y. pestis, both the D-galactose transport and metabolism operons are induced when the temperature is shifted from 26°C to 37°C, which corresponds to the temperature change in the transition from the flea to the mammalian host (11) . Also, incorporation of ␤-D-galactose into the lipopolysaccharide (LPS) of Y. pestis inside the transmitting vector (flea) may be important (12) .
The D-galactose network of Escherichia coli is well characterized (13) and suitable to be used as a reference for the comparative analysis.
Escherichia coli utilizes D-galactose by the amphibolic Leloir pathway (Fig. 1) . The metabolic steps of D-galactose utilization are catalyzed by the GalK (galactokinase), GalT (galactose 1-phosphate uridylyltransferase), and GalE (UDP-galactose-4-epimerase) proteins. In E. coli, the genes encoding these proteins belong to the same operon, together with the galM gene, which encodes a mutarotase that allows the intracellular interconversion of the two anomers of D-galactose (14) , ␣-D-galactose and ␤-Dgalactose. Only ␣-D-galactose serves as a substrate of galactokinase, the first enzyme of the Leloir pathway. D-Galactose can be transported by two D-galactose-induced transport systems, the low-affinity GalP and the high-affinity Mgl systems (15) . Transport and utilization of D-galactose is regulated by the Gal repressor (GalR) and the Gal isorepressor (GalS). These repressors bind the same set of operators in the regulatory regions of the genes belonging to the gal regulon in the absence of D-galactose. D-Galactose binding to GalR (similar to that to GalS) allosterically inhibits its operator binding (13, 16, 17) . A recent study demonstrated that both of these anomers of D-galactose are effective in the binding and inactivation of GalR (18) .
In the Leloir pathway, only the galE gene product is involved in making substrates for biosynthetic glycosylation reactions, while all of the Gal enzymes are needed for catabolism of D-galactose. Therefore, when D-galactose is not available or not preferred as a carbon source, expression of the gal operon genes is discoordinated, resulting mostly in GalE synthesis (19) (20) (21) . Enterobacteria evolved different mechanisms to allow such discoordination. These include using small RNA (sRNA)-mediated translational regulation (22) , differentially regulated promoters and natural polarity (19) (20) (21) 23) , and physical separation of the galE gene from the rest of the gal operon genes (23) .
In this paper, we focus primarily on the role of galactose mutarotase in the D-galactose utilization network. We show that the function of the galM pseudogene of Y. pestis can be restored by single-base-pair insertions in different ways. Our analysis predicts that the two D-galactose anomers, ␣-and ␤-D-galactose, play different roles in Y. pestis. Only ␣-D-galactose can be used as a carbon source, while ␤-D-galactose can induce the production of UDP-galactose, a compound used in biosynthetic glycosylation reactions.
RESULTS
Identification of elements of the D-galactose network in enterobacteria. Because metabolic enzyme sequences are highly conserved across species, metabolic networks can be successfully reconstructed primarily based on genome sequence data (24) . Therefore, we used the BLAST program (25) to identify DNA and protein sequences in reference genome sequences of strains belonging to the Enterobacteriaceae family, which are similar to components of the D-galactose network of E. coli K-12 MG1655 (Fig. 2) . We found only four genes, galR (encoding the galactose repressor), galE (encoding the UDP-galactose-4-epimerase), crp (encoding the cyclic AMP [cAMP] receptor protein [CRP]), and spf (encoding the Spot42 sRNA), which are present in all the genomes studied. All 12 genes studied (galETKM, mglBAC, galR, galS, galP, crp, and spf) are present in 19 of the 34 genomes analyzed. However, in six of these strains, the galE gene is not part of the gal operon. Six strains have the high-affinity Mgl transport system but not the low-affinity GalP symporter, suggesting that the galactose utilization networks of these strains are optimized for low-galactose environments (Dickeya dadantii, Dickeya zeae, Sodalis glossinidius, Yersinia enterocolitica, Y. pestis, and Y. pseudotuberculosis strains). As opposed to those strains, Edwardsiella ictaluri, Edwardsiella tarda, Erwinia pyrifoliae, Shigella boydii, and Shigella dysenteriae have only the low-affinity transporter, which requires high levels of extracellular D-galactose for proper function. The three Pectobacterium strains and Proteus mirabilis lack both transport systems. Genes responsible for galactose metabolism (galE, galK, galT, galM) can be found in different arrangements in the strains analyzed; however, there are two strains in which we found inactive components. In Sodalis glossinidius, only the galE gene is intact, suggesting that in these cells, UDP-galactose required for biosynthetic purposes is produced from UDP-glucose. In Y. pestis, the galM gene contains a single-nucleotide deletion, resulting in a frameshift. Our bioinformatical analysis shows that in most of the cases, genes are completely missing or are inactivated by large deletions. The only exception is the galM gene of Y. pestis, which is converted to a pseudogene. The same pseudogene was found in all the Y. pestis genome sequences (e.g., GenBank accession no. NC_010159.1, NC_009381.1, NC_008149.1, NC_008150.1, NC_005810.1, NC_003143.1, and NC_ 004088.1). 
Functional restoration of the galM pseudogene of Y. pestis.
Comparison of the Y. pestis and Y. pseudotuberculosis genomes indicated that the transition from the enteropathogen form to the vector-transmitted systemic pathogen form resulted in more than 300 pseudogenes (26, 27) . However, it remains to be answered whether pseudogenes are present to maintain meiotrophism or are in the process of elimination. The Y. pestis galM pseudogene differs from the Y. pseudotuberculosis YPIII galM gene only by a N) , suggesting that the Y. pestis pseudogene can be restored in multiple ways. To test this hypothesis we synthesized the Y. pestis galM pseudogene and its different "restored" versions and inserted them into a low-copynumber plasmid. The plasmid-borne genes were tested whether they can complement a chromosomal galM deletion in E. coli. GalM function was tested by studying growth on intracellularly produced ␤-D-galactose. Cells were grown in the presence of phenyl-␤-D-galactopyranoside as the sole carbon source. Hydrolysis of phenyl-␤-D-galactopyranoside by ␤-galactosidase generates phenol and ␤-D-galactose. Phenol is excreted into the culture medium and does not accumulate in the cell. Cells were grown overnight in LB medium and then washed in M63 minimal medium. Washed cells were plated on M63 minimal medium supplemented with 2 mM phenyl-␤-D-galactopyranoside, 0.0004% vitamin B 1 , 0.5 mM IPTG (isopropyl-thiogalactoside; to induce ␤-galactosidase production), and 15 g/ml tetracycline. We found that growth strongly depends on the presence of functional galM. Cells containing the Y. pestis galM pseudogene showed very slow growth, similar to that of the E. coli ⌬galM cells harboring the empty plasmid. This slow growth reflects the low level of nonenzymatic mutarotation of the D-galactose anomers. However, two "restored" versions of GalM (N39, D39) conferred similar growth to wild-type E. coli MG1655 cells (Fig. 3) . The difference in the size of colonies reflects a minimum doubling time of 135 to 150 min for the galM ϩ and about 1,000 min for the ⌬galM strains, as measured in liquid cultures. GalM version Q39 grew similarly to galM ϩ , I39 and T39 showed intermediate growth, while K39, R39, and E39 were not growing substantially faster than ⌬galM.
Effect of galM and galP deletion on utilization of extracellular D-galactose in vivo. Y. pestis strains have only one of the D-galactose-induced transport systems. The three genes of the high-affinity Mgl (␤-methylgalactoside) transport system are part of a single operon, similar to E. coli (mglBAC). However, Y. pestis strains lack the low-affinity GalP transporter. To simulate the function of the reduced network lacking both the low-affinity transporter and the galactose mutarotase, we created a ⌬galM ⌬galP double mutant of E. coli MG1655. We compared the growth of this double mutant with wild-type and single mutant strains (Fig. 4) in minimal D-galactose medium. We found that deletion of galM increases the time needed to reach stationary phase by about 100 minutes, while deletion of galP increases it by about 200 minutes, compared to the time needed by the wild-type strain. As expected, in the logarithmic phase, the ⌬galM mutant shows a growth rate similar to that of the wild-type strain (14) . However, the double mutant shows growth similar to that of the ⌬galP strain, suggesting that growth is limited by the lack of the lowaffinity transporter and not by the low rate of spontaneous D-galactose mutarotation. Because intracellular mutarotation of D-galactose is inefficient in the absence of GalM (14), our results suggest that besides ␤-D-galactose, the Mgl transport system can efficiently transport ␣-D-galactose as well; therefore, the presence of mutarotase does not substantially increase the rate of D-galactose utilization. Also, because ␤-D-galactose inactivates GalR similarly to ␣-D-galactose (18, 28) , the unused ␤-D-galactose pool in the cell may result in higher derepression of the gal regulon genes; therefore, it allows higher rates of transport and utilization, which can compensate for the lack of ␤-D-galactose utilization in the double mutant.
FIG 3 Complementation of a chromosomal galM mutation (⌬galM) in E. coli
by two restored versions of the Y. pestis galM pseudogene carried on a lowcopy-number plasmid. Cells containing a functional copy of galM grow faster on intracellularly produced ␤-D-galactose as the sole carbon source. Hydrolysis of phenyl-␤-D-galactopyranoside by ␤-galactosidase generates phenol and ␤-D-galactose. Phenol is excreted into the culture medium and does not accumulate in the cell. MG1655⌬galM cells containing plasmid pLG338E carrying the Y. pestis galM pseudogene (C) and its two restored versions, N39 (D) and D39 (E), were plated on M63 minimal medium containing 2 mM phenyl-␤-D-galactopyranoside and also 0.5 mM IPTG to induce ␤-galactosidase production. E. coli MG1655/pLG338E (A) and E. coli MG1655⌬galM/pLG338E (B) were plated as controls for comparison.
Prediction of regulatory links in the Y. pestis galactose network by sequence analysis. By searching for genes similar to the regulator genes of the E. coli D-galactose system, we could confirm the presence of galR, crp (encoding the cAMP receptor protein), and spf (encoding the Spot42 small RNA). The amino acid sequences of the GalR proteins in Y. pestis strains are about 80% identical to those of the E. coli GalR protein. The DNA recognition helices are identical, suggesting that the same sequences are recognized by the Y. pestis and E. coli GalR proteins. However, the galS repressor gene was not found in Y. pestis strains. In order to predict regulatory links in the Y. pestis D-galactose network, we compared the regulatory regions of the Y. pestis galETK, mglBAC, and galR genes with the corresponding regions in E. coli. We found that the binding sites of the regulatory proteins in the control region of the galETK operon are arranged in a way similar to that found in E. coli. There are two GalR binding sites (operators); however, the spacing between the two operators is 1 bp shorter than that in E. coli. Comparison of the promoter elements suggested that the P1 galE promoter is functional but that the P2 galE promoter is significantly weaker than that in E. coli. In Y. pestis strains, the sequence found at the position of the extended Ϫ10 element of the E. coli P2 galE promoter (TTTGTTATGCT) is AAT GGCGTGCT, which is not similar to the consensus Ϫ10 element.
Based on the sequence similarities, the galR gene is assumed to be autoregulated in the same way as that in E. coli (13) . The regulatory region and promoter of the mglBAC operon in Y. pestis strains are also highly similar to those of E. coli; however, the 5= untranslated region of the mglBAC mRNA (about 250 bp in both species) shows no similarity. The sequence found in Y. pestis is conserved in Y. pestis and Y. pseudotuberculosis strains. A similar 5= untranslated region of the mglBAC mRNA is found in Yersinia enterocolitica, but we could not find any other similar sequences in the database.
Transcription of the Y. pestis galETK operon is initiated from a single promoter. In order to test the predictions of sequence analysis, we studied the regulation of the Y. pestis galETK operon in a purified system. We performed in vitro transcription assays using E. coli RNA polymerase ( 70 ), purified Y. pestis GalR (GalR YP ), and plasmid templates containing the regulatory region of the Y. pestis galETK operon. We used a similar plasmid construct containing the corresponding regulatory region from E. coli (pSA850) (29) for comparison (Fig. 5) . We found that the GalR YP protein can regulate the E. coli galETKM operon the same way as E. coli GalR. In the presence of GalR YP , the level of P2 galE transcription is increased, while P1 galE transcription is repressed. When both GalR YP and HU (from E. coli) are present, both promoters are repressed by DNA looping (30) (Fig. 5) . However, unlike in E. coli, transcription of the Y. pestis galETK operon is initiated only from a single site, corresponding to the start site of the P1 galE promoter in E. coli. GalR YP repressed this promoter equally in both the presence and absence of HU. Similar to the P1 galE promoter of E. coli, cAMP-CRP strongly activated the Y. pestis gal promoter, and GalR reduced the effect of cAMP-CRP (Fig. 6) . 
DISCUSSION
Functional diversity of the D-galactose network in enterobacteria. The functional role of different genes in the D-galactose utilization network of E. coli has been studied extensively. Therefore, based on the set of genes present in a certain reduced network, it is possible to formulate predictions about the functional consequences of reduction. Functional diversity of the reduced networks affects both transport and metabolism. Some networks contain only the low-affinity transporter (5), while others have only the high-affinity transport system (6), suggesting optimal performance in high-galactose and low-galactose environments, respectively. In four cases, we found that both of these transporters are missing; therefore, the function of the galactose system is limited to endogenous inducer synthesis (31) and metabolism of intracellular D-galactose obtained from galactose-containing compounds. Galactose metabolism is affected in two cases, as follows. In the S. glossinidius network, only the galE gene of the gal operon is functional, indicating that this network is incapable of amphibolic utilization of D-galactose. In Y. pestis, the last gene of the gal operon, galM, is inactivated by a single-base-pair deletion.
D-Galactose utilization in Y. pestis. To understand the consequences of galM inactivation, we identified elements and interactions in the D-galactose network of Y. pestis by combining experimental results with the results of bioinformatical analyses (Fig. 7) (33) . The D-galactose system is also involved in the utilization of intracellular D-galactose obtained from the degradation of oligosaccharides (e.g., lactose and melibiose) (14) . Because galM is inactivated in the Y. pestis network, intracellular degradation of ␣-Dgalactose-and ␤-D-galactose-containing compounds could have different effects. The system can utilize intracellular ␣-D-galactose as a carbon source and also to provide building blocks for biosynthetic glycosylation. For example, unlike E. coli, Y. pestis has a galactan transport and utilization system which can degrade extracellular galactan into smaller oligomers that are transported and processed to ␣-D-galactose oligomers inside the cell (34) . The Mgl transport system can transport ␤-D-galactosides (e.g., methyl-␤-D-galactoside and D-glycerol-␤-D-galactoside) (35) . However, ␤-D-galactose obtained from intracellular degradation of such compounds could induce the gal regulon genes but would not be utilized by the system. Induction of the galETK operon by a nonmetabolized inducer in the absence of ␣-D-galactose can serve biosynthetic purposes because GalE can catalyze the production of UDP-galactose (from UDP-glucose), which is required for biosynthetic glycosylation (Fig. 7) . Such metabolic flow control in the amphibolic D-galactose pathway is common in enterobacteria. Synthesis of D-galactose-containing polysaccharides (e.g., in LPS) is often required for pathogenesis (8) (9) (10) , and the need for UDPgalactose is independent of D-galactose availability. Different mechanisms have been reported so far, which take advantage of the fact that only the galE gene product is involved in making substrates for biosynthetic glycosylation reactions, and all of the gal enzymes are needed for catabolism of the sugar D-galactose. A common mechanism in enterobacteria is discoordinated expression of the gal operon genes. This can be achieved by using a small regulatory RNA (Spot42) which does not affect translation of GalE and GalT but blocks GalK production (22) or by transcribing the gal operon from two different promoters, one of which transcribes mostly the first gene of the operon, galE, because of natural polarity (19) (20) (21) 23) . In certain pathogenic enterobacteria, the galE gene is physically separated from the other gal operon genes, and its 
